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® Method and apparatus for sensing oxides of Nitrogen. 



® The present invention relates to a structure and 
a method for sensing oxides of nitrogen in a gas. for 
example, the exhaust gas of an internal combustion 
engine. The measurement gas along with oxygen 
provided by a solid state electrochemical oxygen 
pumping cell (10) is passed through an oxidation 
catalyst (17) to oxidise and remove any reducing 
species, in the gas. e.g.. carbon monoxide, hydrocar- 
bons, and hydrogen. The oxides of nitrogen are then 



sensed by a gas sensor (19) which otherwise would 
respond to both oxides of nitrogen and reducing 
species in the gas. 
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This invention relates to sensing the concentra- 
tion of oxides of nitrogen in a gas, e.g., the exhaust 
gas from an internal combustion engine operating 
over a wide range of A/F mixtures. 

Various semiconductor gas sensors such as 
those based on Sn02 have been developed which 
exhibit sensitivity to oxides of nitrogen but. at the 
same time, also respond to a variety of other gas 
molecules such as carbon monoxide, hydrogen, 
hydrocarbons (HC), etc. This lack of selectivity is 
particularly disadvantageous if it is desired to use 
the sensor for internal combustion engine control 
applications. That is, it is difficult to sense oxides of 
nitrogen in the engine exhaust gas because carbon 
monoxide, hydrogen, hydrocarbons and other re- 
ducing species are always present in the exhaust 
gas and usually in greater concentrations than that 
of the oxides of nitrogen. 

In U.S. Patent 4,052.268 issued to Blurton et al., 
oxides of nitrogen are measured with a liquid elec- 
trolyte cell. Part of the incoming gas is drawn 
through the liquid and the NO (or NOk) is oxidised 
at a constant anode potential (1.5 to 1.9 volts). The 
current through the cell provides a measure of the 
concentration of the oxides of nitrogen. With the 
specific conditions of the operation and structure of 
this liquid electrolyte cell, CO and HC do not give 
rise to an electric current through the cell. Liquid 
electrolyte cells of the type described by Blurton et 
al., however, are not suitable for internal combus- 
tion engine applications because of the conditions 
prevailing In an automobile such as high tempera- 
tures and vibrations. In U.S. Patent 4.770,760 is- 
sued to Noda et a!., the concentration of oxides of 
nitrogen in the exhaust gas from an internal com- 
bustion engine are measured using two oxygen 
sensors. These sensors comprise solid state elec- 
trochemical cells operating as oxygen pumps. The 
first oxygen sensor measures the concentration of 
oxygen in the gas by applying a current though a 
Zr02 solid state electrochemical cell to pump oxy- 
gen out of a restricted volume which is in commu- 
nication with the gas; the magnitude of the current 
is proportional to the oxygen concentration. The 
second oxygen sensor operates similarly, but this 
sensor has a special catalytic electrode that can 
dissociate oxides of nitrogen Into nitrogen and oxy- 
gen in addition to pumping oxygen out of its own 
restricted volume (which is also In communication 
with the measurement gas). A subtraction of the 
two currents from the two oxygen sensors provides 
a measure of the concentration of the oxides of 
nitrogen. In the exhaust gas from an internal com- 
bustion engine, the concentration of the oxides of 
nitrocji:;; .v;n be much smaller than that of oxygen. 
Thus. Adivipting to use a Noda et al type of 
sensor would be less than desirable due to the 
inherent inaccuracy of determining the concentra- 
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tion of the oxides of nitrogen by subtracting two 
almost equal, large numbers. 

U.S. Patent 4,840,913 discloses a sensor useful in 
automotive applications for measuring oxides of 

5 nitrogen in the presence of interfering reducing 
species such as hydrocarbons (HC) and carbon 
monoxide (CO). The measurement gas such as the 
exhaust gas from an engine is first passed though 
an oxidation catalyst which oxidises and removes 

10 the reducing species. The output gas from the 
oxidation catalyst is received by a non-selective 
solid state sensor (i.e. a sensor that responds to 
oxides of nitrogen and reducing gases) which gen- 
erates an output signal that corresponds only to 

15 oxides of nitrogen. Proper operation of the device 
requires the presence of oxygen in the measure- 
ment, gas. In engine control applications, this limits 
the usefulness of the device to the cases where 
oxygen exists. When an automobile engine is op- 

20 erated with lean air-to-fuel mixtures, the exhaust 
gas always contains excess oxygen, its concentra- 
tion increasing with an increasing air-to-fuel ratio. 
On the other hand, when the engine is operated 
with fuel rich air-to-fuel mixtures, the amount of 

25 oxygen In the exhaust gas is very small or essen- 
tially non-existent. 

Consequently, as disclosed in that patent, this type 
of sensor can be used in connection with engine 
control strategies which provide for excess oxygen 

30 In the exhaust gas, such as lean air fuel mixtures, 
or the use of secondary air injected into the ex- 
haust gas. However, it is desirable to have a sensor 
for measuring nitrogen oxide In the exhaust gas of 
an engine operating with fuel rich mixtures, where 

35 oxygen for the sensor does not need to be pro- 
vided from the ambient air. That is, it would be 
desirable if the sensor could operate effectively 
only using the exhaust gas. It would also be desir- 
able to have a sensor of this type which could, if 

40 using ambient air, control precisely the amount of 
oxygen being added. The limitations of the above 
mentioned devices are some of the problems that 
this invention overcomes. 

This invention is directed to a method of sens- 

45 ing oxides of nitrogen in a measurement gas also 
including reducing gases. It Includes positioning an 
oxidisation catalyst dispersed in a supporting ma- 
trix between the measurement gas and an oxides 
of nitrogen semiconductor sensor and isolating the 

50 oxides of nitrogen semiconductor sensor from the 
measurement gas. It further includes providing oxy- 
gen by means of a solid state electrochemical 
oxygen pumping cell for diffusion into the matrix 
comprising the oxidation catalyst. Another step of 

55 the method involves exposing the matrix compris- 
ing the oxidisation catalyst to the m asurement gas 
and oxygen and then passing th measurement 
gas through the oxidisation catalyst which oxidises 

2 
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the reducing gases without affecting any NO2 
present. Then the gaseous output from the oxida- 
tion catalyst is passed to the oxides of nitrogen 
semiconductor sensor to detect the amount of ox- 
ides of nitrogen by sensing the change in resis- 
tance of the sensor. 

According to another embodiment of this inven- 
tion, it is directed to an apparatus for sensing 
oxides of nitrogen in a measurement gas also 
including reducing gases. The apparatus comprises 
a solid state electrochemical oxygen pumping cell 
capable of providing oxygen and comprising an 
electrode layer on each of two opposite side of an 
oxygen-ion conducting solid electrolyte member. It 
further comprises an oxidation catalyst means, dis- 
persed in a porous matrix and located adjacent the 
solid state electrochemical oxygen pumping cell, 
for accepting the measurement gas and the oxygen 
and then oxidising any reducing species present in 
the measurement gas without affecting any NO2 
present. A semiconductor sensor means is located 
adjacent the oxidation catalyst means and is shield- 
ed from the measurement gas so as to be exposed 
substantially only to an oxidised gas passing out of 
the oxidation catalyst means but substantially iso- 
lated from the reducing species in the measure- 
ment gas and generating an output signal respon- 
sive to oxides of nitrogen in the oxidised gas so 
that the output is a function of oxides of nitrogen. A 
heater may be included with the apparatus for 
heating the apparatus. 

The invention will now be described further, by 
way of example, with reference to the accompany- 
ing drawings, in which : 

FIG. 1 is a schematic of an apparatus according 

to a first embodiment of this invention. 

FIG. 2 is a schematic of a second embodiment 

of this invention configured as an integrated film 

apparatus. 

FIG. 3 is a schematic of a third erribodiment of 
this invention made by laminating ceramic 
plates to form a planar apparatus. 
FIG. 4 is an exploded perspective view of the 
apparatus of FIG. 3 showing the structure of each 
ceramic plate. 
Referring to FIG. 1, an apparatus 1 according 
to one of the embodiments of the present invention 
is shown to be inserted into a measurement gas 2 
through a wall 3 which is one of the walls separat- 
ing the measurement gas from the ambient air 4. 
The measurement gas 2 typically contains oxides 
of nitrogen together with reducing gases such as 
CO and HC and inert gases such as nitrogen (N2). 
The measurement gas may also contain oxygen. In 
particular, the measurement gas is the exhaust gas 
from an engine which contains varying amounts of 
N2, CO2, H2O, CO, H2, NOx. and various hydrocar- 
txins as the main gas constituents. Apparatus 1 



includes an oxidation catalyst means 17 and a 
nonselective oxides of nitrogen sensor 19 posi- 
tioned inside restricted volume 18. Oxidation cata- 
lyst means 17 has a porous microstructure as to be 

5 permeable to gases and is made, for example, of a 
matrix materia! such as alumina or spinal impreg- 
nated with an oxidation catalytic material such as, 
for example, platinum or palladium. Nonselective 
oxides of nitrogen sensor 19 is one of several well 

10 known nonselective oxides of nitrogen sensors, for 
example, a resistive-type Sn02 sensor or a SAW 
(surface acoustic wave) based sensor. Nonselective 
oxides of nitrogen sensor 19 is provided with leads 
21 which transmit the signal information from sen- 

75 sor 19 to the operator of apparatus 1. Oxidation 
catalyst 17, restricted volume 18. and nonselective 
oxides of nitrogen sensor 19 are contained within a 
structure 20 having an aperture 16 for permitting a 
portion of the measurement gas to enter apparatus 

20 1. The configuration of sensor 19 within structure 
20 and oxidation catalyst means 17 is such that 
sensor 19 is isolated from measurement gas 2 
outside said structure. 

Apparatus 1 also includes a solid state elec- 

25 trochemical cell 10 attached to the structure 20 and 
to a housing 14 which serves as a means for 
mounting apparatus 1' to the wall 3. Electrochemi- 
cal cell 10 consists of a piece of an oxygen-ion 
conducting solid electrolyte 11 such as Zr02 con- 

30 taining yttria and two electrodes 12 and 13, one on 
each side of the solid electrolyte 1 1 . Electrodes 1 2 
and 13 are made according to the well-established 
art of solid electrolyte oxygen sensors used, for 
example, extensively for air-to-fuel control of inter- 

35 nal combustion engines. For example, electrodes 
12 and 13 may be porous platinum layers depos- 
ited by thick film techniques. According to this 
embodiment, electrode 12 is exposed to the am- 
bient air whereas electrode 13 is exposed to vol- 

40 ume 15 of apparatus 1 which is adjacent to ap- 
erture 16. Housing 14 and structure 20 may be 
made from inert materials such as alumina or from 
the same matefial as the solid electrochemical cell 
(e.g. Zr02). Apparatus 1 is provided with heater to 

45 maintain the various elements of apparatus 1 at 
appropriate temperatures, preferably above about 
200/C, more preferably in the range of about 200/C 
to 800/C, which may be the same for all elements. 
For example, when the oxidation catalyst 17 is 

50 made of platinum and the nonselective oxides of 
nitrogen sensor is a Sn02 -based sensor, a tem- 
perature in the range 300 to 400/C is desirable. 
Depending on the type of the material and the 
dimensions of the electrolyte 11. the above range 

55 of temperatures may also b sufficient for proper 
operation of cell 10. 

In operation, portion of the measurement gas 
enters volume 15 of apparatus 1 through aperture 
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16. An external voltage V, typically in the range 0.5 
to 1.0 volts, is applied across electrochemical cell 
10 so that electrode 12 is negative and electrode 
13 is positive. The applied voltage V causes an 
electrical current I to pass through cell 10 and 
oxygen to be transferred (pumped) from the am- 
bient air 4 into volume 15. The rate of oxygen 
transfer F is proportional to the current I. The 
measurement gas entering apparatus 1 through 
aperture 16 is allowed to mix in volume 15 with the 
oxygen pumped into volume 15 by electrochemical 
cell 10. The gas mixture enters oxidation catalyst 
17 where CO, H2, and the hydrocarbons are ox- 
idised completely to CO2 and H2O when sufficient 
oxygen is pumped by cell 10. NO2 however re- 
mains unaffected and NO present in the mixture 
may be converted to NO2 or remain as NO. Con- 
sequently, the gas leaving catalyst 17 and entering 
restricted volume 18 contains NO2 and may con- 
tain NO as an "active" component. It is these 
oxides of nitrogen. NO2 and NO. which are sensed 
by the nonselective oxides of nitrogen sensor 19. 
The signal output of sensor 19 thus provides a 
direct measure of the concentration of the oxides of 
nitrogen in the measurement gas, in spite of the 
interfering reducing gases present in measurement 
gas 2 prior to Its passing through the oxidation 
catalyst. 

Advantageously this invention apparatus when, 
used in exhaust gas applications can operate with- 
out access to ambient air. The autoexhaust con- 
tains large amounts of CO2 and H2O which can act 
as sources of oxygen. In this case, the apparatus of 
the present invention is completely immersed in 
the measurement gas (autoexhaust), by eliminating 
the access of ambient air through housing 14. The 
housing may be modified to provide access for 
mounting the apparatus within the exhaust system. 
By applying a voltage V in excess of 1,2 volts with 
the proper polarity across cell 10, oxygen is 
pumped into volume 15 by electrodissociation at 
electrode 12 of CO2 and H2O molecules from the 
exhaust gas adjacent to electrode 1 2. 

Various modifications of the structure of ap- 
paratus 1 and refinements of the operation of ap- 
paratus 1 are possible. For example, structure 20 
may have an optional rear opening (not shown in 
the FIG.) e.g., in the wall to the left of the sensor 
19, which permits the gas to pass through the 
apparatus. In the embodiment of FIG. 1 where the 
portion of the measurement gas enters the appara- 
tus by diffusion through aperture 16. a rear opening 
is not needed. If the apparatus is heated and 
placed in a position so that the rear part (the left 
end of apparatus 1 as viewed in FIG. 1) of the 
apparatus is at a higher temperature than the front 
part, then the gas is driven by convection through 
apparatus 10 from the (front opening) aperture 16 
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to the rear opening provided that a rear opening 
exists. In operation this gaseous flow would essen- 
tially prevent measurement gas from entering any 
rear opening. If structure 20 of apparatus 1 forms a 
5 section of the gas flow vessel so that all the mea- 
surement gas flows through aperture 16, then the 
rear opening is needed in order to allow the gas to 
pass. 

As still another embodiment of the apparatus of 
10 the present invention, the apparatus may be modi- 
fied so that the concentration of oxygen provided 
by electrochemical oxygen pumping cell 10 is 
maintained at a constant value. For some situations 
it is desirable to provide the oxygen in an amount 
IS in excess of that required to oxidise all oxidisable 
molecules inside the oxidation catalyst means 17. 
For these situations, the apparatus of FIG. 1 is 
adequate. On the other hand, keeping the oxygen 
at a prescribed constant concentration may be 
20 especially desirable in some other cases in order 
to optimise the efficiency of the oxidation catalyst 

17 or to optimise the operation of the nonselective 
oxides of nitrogen sensor 19. This desired modi- 
fication of the present apparatus may be accom- 

25 plished by adding another electrochemical cell, 
e.g.. another ZrOa cell, here operating as a sensing 
cell, having one electrode facing restricted volume 

18 and the other facing the ambient air as a refer- 
ence. According to the well known prior art of solid 

30 state oxygen sensing cells, the open circuit voltage 
(emf) developed across this sensing cell, because 
of the difference in the oxygen partial pressure at 
the two electrodes of the cell, provides a measure 
of the concentration of oxygen inside restricted 
35 volume 18. During operation of such a modified 
apparatus, the pumping current through celt 10 is 
adjusted to keep the emf of the sensing cell at a 
constant value. This assures that the oxygen is 
maintained at a constant concentration inside re- 
40 stricted volume 18 and in a particular excess 
amount if desired. 

FIG. 2 shows a second embodiment of the 
present invention. The apparatus 200 shown in this 
figure is an integrated film-type version of the ap- 
45 paratus of FIG. 1 and includes a nonselective ox- 
ides of nitrogen sensor 220, an oxidation catalyst 
means 230 and an electrochemical oxygen pump- 
ing cell 240. A substrate 210 acts as a support for 
apparatus 200 and is typically made of a material 
50 such as aluminium oxide. Two metal film elec- 
trodes 221 and 222 made, for example, from gold 
or platinum, are deposited on substrate 210 and a 
metal oxide film 225 of, e.g., Sn02 or ZnO Is 
deposited on top the electrodes to form the non- 
55 selectiv oxides of nitrogen sensor 220. Porous 
oxidation catalyst means 230 is deposited directly 
on sensor 220 and part of substrate 210. The 
oxidation catalyst means is made of a porous ma- 

4 
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trix material such as alumina or spina! and is im- 
pregnated with an oxidation catalytic materia! as. 
for example, platinum, or palladium. The part of the 
oxidation catalyst means 230 that is over sensor 
220 is covered with a gas impermeable film 235 
made from inert materials such as glass, alumina, 
or quartz. A porous electrode 241 made, e.g., of 
platinum, is deposited on top of the exposed part 
of the oxidation catalyst means 230. A dense solid 
electrolyte (e.g. Y-doped ZrO?) layer 245 is depos- 
ited on top of electrode 241 (and inert layer 235). 
Rnally a second porous electrode 242 made, e.g., 
of platinum, is deposited on top of solid electrolyte 
layer 245. Solid electrolyte layer 245 and platinum 
electrodes 241 and 242 form an electrochemical 
oxygen pumping cell 240. 

In operation, a voltage with proper polarity ap- 
plied across electrochemical cell 240 transfers oxy- 
gen into the oxidation catalyst means 230 from 
oxygen which may be present in the exhaust gas 
or from dissociation of CO2 and H2O present in the 
exhaust gas. This oxygen transferred into oxidation 
catalyst means 230 reacts with and removes the 
reducing species contained in the measurement 
gas which diffuses into oxidation catalyst means 
230 through the exposed portion of oxidation cata- 
lyst means 230. The NO2 remaining in the oxidised 
measurement gas is then detected by sensor 220. 

FIG. 3 shows a third embodiment of the present 
invention in the, form of a planar apparatus made 
by laminating and co-firing ceramic sheets. FIG. 4 
is an exploded perspective view of the apparatus of 
FIG. 3 showing the various ceramic sheets. Ce- 
ramic Sheet 4 is made from an oxygen-ion con- 
ducting solid electrolyte such as Yttrium-doped 
Zr02. The other sheets can be made also from 
Zr02 or from other inert structural ceramic materi- 
als such as alumina. Sheet 1 includes a heater 
which is, for example, screen-printed on sheet 1. 
Sheet 2 is a solid plate whereas sheet 3 is in the 
form of a U-shaped spacer. Sheet 3 could be 
reversed so that its opening is on the same end of 
the apparatus as the aperture of sheet 5 if. for 
example, the apparatus will provide oxygen from 
the exhaust gas by dissociating H2O and CO2. 
Sheet 4 made, e.g., from Y-doped Zr02 has printed 
porous (e.g., platinum) electrodes, one on each 
side, to form an electrochemical oxygen pumping 
cell. Sheets 2, 3 and 4 form a structure which is 
connected to the ambient air. Sheet 5 serves as a 
spacer and contains a hole which defines a volume 
and an aperture which provides communication 
with the measurement gas outside the apparatus. 
Sheet 6 has a hole which is filled with a porous 
material, e.g. alumina, impregnated with an oxida- 
tion catalytic material such as Pt or Pd. Sheet 7 is 
another spacer to partially define a restricted vol- 
ume. Sh et 8 further defines the restricted volume 



in which a nonselective oxides of nitrogen sensor 
such as Sn02 is mounted. Finally Sheet 9 is a solid 
plate which seals the upper part of the restricted 
volume from the measurement gas. Alternatively. 
5 Sheet 8 may be a solid plate with a film-type SnOz 
sensor deposited on the side of sheet 8 facing 
sheet 7, in which case sheet 9 is not necessary. 
Optionally, a second heater similar to sheet 1 may 
be laminated on top of sheet 9. 

10 

Claims 

1. A method of sensing oxides of nitrogen in a 
measurement gas also containing reducing 

75 gases including the steps of: 

positioning an oxidisation catalyst (17) dis- 
persed in a supporting matrix between said 
measurement gas and an oxides of nitrogen 
semiconductor sensor (19); 

20 isolating said oxides of nitrogen semicon- 

ductor sensor (19) from the measurement gas; 

providing oxygen for diffusion Into the ma- 
trix comprising the oxidation catalyst (17) by 
means of a solid state electrochemical oxygen 

25 pumping cell (10), 

exposing the oxidation catalyst (17) to the 
measurement gas and the oxygen; 
passing the measurement gas through the ox- 
idisation catalyst (17) which oxidises the reduc- 

30 ing gases without affecting any NO2 present; 

and 

passing the gaseous output from the oxi- 
dation catalyst (17) to the oxides of nitrogen 
semiconductor sensor (19) to detect the 
35 amount of oxides of nitrogen by sensing the 

change in resistance of the sensor. 

2. A method according to claim 1. further com- 
prising the step of heating the oxidisation cata- 

40 lyst to a temperature in excess of about 200/C. 

3. A method according to claim 2 wherein the 
measurement gas is the exhaust gas of an 
internal combustion engine and oxygen is gen- 

45 erated by the dissociation of carbon dioxide 

and water in the exhaust gas. 

4. A method according to claim 1 further com- 
prising the step of providing an ambient air 

50 atmosphere in contact with an electrode of the 

solid state electrochemical oxygen pumping 
cell. 

5. An apparatus for sensing oxides of nitrogen in 
55 a measurement gas also containing reducing 

gases comprising: 

a solid state electrochemical oxygen 
pumping cell (10) capable of providing oxygen 
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comprising an electrode layer (12,13) on each 
of two opposite side of an oxygen-ion conduct- 
ing solid electrolyte member (11); 

an oxidation catalyst means (17), dis- 
persed in a porous matrix and located adjacent 5 
the solid slate electrochemical oxygen pump- 
ing cell (10), for accepting and passing the 
measurement gas and the oxygen and ox- 
idising any reducing species present in the 
measurement gas without affecting any NO? io 
present; 

a semiconductor sensor means (19) lo- 
cated adjacent the oxidation catalyst means 
(17) and shielded from the measurement gas 
so as to be exposed to an oxidised gas passed is 
by the oxidation catalyst means (17) and gen- 
erating an output signal responsive to oxides of 
nitrogen in the oxidised gas so that the sensor 
means is substantially isolated from the reduc- 
ing species in the measurement gas and the 20 
output is a function of oxides of nitrogen. 

6. An apparatus according to claim 5. wherein the 
matrix is an inert ceramic with metal oxidation 
catalyst particles deposited on walls of pores 25 
of the ceramic. 

7. An apparatus according to claim 6. wherein the 
metal oxidation catalyst particles are selected 
from the group consisting of palladium and 30 
platinum. 

8. An apparatus according to claim 5, wherein the 
semiconductor sensor means Is fabricated 
from Sn02 and ZnO. 35 

9. An apparatus according to claim 5, wherein the 
electrolyte is Zr02. 

10. An apparatus according to claim 5, wherein the 40 
solid state electrochemical oxygen pumping 

cell, the oxidation catalyst means and the sen- 
sor means are formed as one integrated struc- 
ture, in that order. 

45 
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